Abstract: Recent improvements in optical tools that can perturb brain activity and simultaneously reveal the elicited alterations in the associated regions offer an exceptional means to understand and map the connectivity of the brain. In this work, we exploit a combination of recently developed optical tools to monitor neural population at the meso-scale level and to mould the cortical patterns of targeted neuronal population. Our goal was to investigate the propagation of neuronal activity over the mouse cortex that is triggered by optogenetic stimulation in the contralateral hemisphere. Towards this aim, we developed a wide-field fluorescence microscope that is characterized by a double illumination path allowing for the optogenetic stimulation of the transfected area in the left hemisphere and the simultaneous recording of cortical activity in the right hemisphere. The microscope was further implemented with a custom shutter in order to split the LED illumination path, resulting in a half-obscured field of view. By avoiding the spectral crosstalk between GCaMP6f and channelrhodopsin 2 (ChR2), this system offered the possibility of simultaneous "pumping and probing" of inter-hemispheric functional connectivity on Thy1-GCaMP6f mice.
Introduction
Investigation of neuronal circuitry and a deep understanding of information propagation in the brain network represent a fascinating goal for neuroscientists. New generation tools, such as indicators of neuronal activity combined with optogenetics actuators, allow for simultaneously revealing brain dynamics and manipulating neuronal activity [1] [2] [3] [4] [5] . More in detail, genetically encoded calcium indicators (GECI), like GCaMP6f [6] , offer the possibility of targeting specific cell types, populations, or subcellular compartments, allowing for detecting calcium signaling at different scales: from single spines [7] to the entire cortical surface [8] [9] [10] . Genetically encoded calcium indicators, which are based on fluorescent proteins, provide many advantages deriving from both optical reporting and genetic encoding; thanks for their sensibility and high signal-to-noise ratio GECIs allow for monitoring calcium transients in living cells and organism [11] [12] [13] [14] . Thanks to these features, genetically encoded optical indicators of neuronal activity enabled progress toward this aim to an extent that was unimagined two decades ago. In addition, the use of microbial rhodopsin proteins, such as channelrhodopsin 2 (ChR2), which acts as unitary activated ion pumps or channels that can be activated by specific wavelengths, enable the manipulation of neuronal activity in a targeted cell population with light. The key advantage of optogenetics over conventional stimulation techniques is its ability to control cell-and circuit-specific behavior with high temporal precision [15, 16] . Recently, several studies [2, 4, 5] , by exploiting two-photon microscopy, focused their attention on the development of all-optical strategies to control and record neuronal activity patterns in mice. Though two-photon microscopy allows calcium imaging with cellular resolution, to better understand behavior-related neuronal dynamics other imaging techniques, like wide-field fluorescent microscopy, are better suited to mesoscale investigations.
When compared to other techniques, such as two-photon microscopy [17] or fiber photometry [18] , which allow for investigating neural activity with high spatial resolution but within a very restricted area (0.01 mm 2 ), the great advantage of wide-field imaging is the capability of revealing cortical activity over a large area (tens to hundreds of mm 2 ) and following how the neuronal activity propagates throughout different functional regions of the mouse cortex.
By imaging a large field of view over the entire cortex of mouse, wide-field fluorescence microscopy offers the possibility of combining the revelation of neuronal dynamics and optogenetic modulation, allowing the investigation of a neuronal response evoked by light stimulation.
In the present study, we developed a custom made wide-field fluorescence microscope that allows calcium imaging over a large area (5.2 × 5.2 mm 2 ) of Thy1-GCaMP6f mouse cortex and the simultaneous laser stimulation of ChR2 through a second illumination path. Towards this aim, the microscope was implemented with a double illumination path with LED and acousto-optic deflectors (AODs). By using AODs as scanning head, we could generate stimulation patterns with sub-millisecond temporal resolution allowing the precise activation of ChR2 expressing cell populations [19, 20] . To avoid the unspecific activation of ChR2 transfected neurons due to the spectral overlap between the excitation peak of both GCaMP6f and ChR2, we applied a shutter that was able to split the LED illumination path, resulting in a half-obscured field of view. This system allows revealing the effective GCaMP6f fluorescent signal that is elicited by ChR2 laser activation, in order to investigate inter-hemispheric functional connectivity and intra-hemispheric propagation of cortical dynamic of mouse brain cortex.
Materials and Methods

Mice
All procedures involving mice were performed in accordance with the rules of the Italian Ministry of Health (Protocol Number 183/2016-PR). The mice were housed in clear plastic cages under a 12 h light/dark cycle and were given ad libitum access to water and food. We used a transgenic mouse line from Jackson Laboratories (Bar Harbor, ME, USA), C57BL/6J-Tg (Thy1GCaMP6f) GP5.17Dkim/J (referred to as GCaMP6f mice). The genetically-encoded fluorescent indicator is expressed in excitatory neurons, as controlled by the Thy1 promoter. For these experiments, we used 3 Thy1-GCaMP6f male mice, with an average age of seven months, 25-28 g weight.
Surgery
We performed a thinned skull preparation on the right hemisphere between bregma and lambda to create an optical window for GCaMP6f imaging. After applying the local anesthetic lidocaine 2% (20 mg/mL), the skin over the skull and periosteum was removed. The skull over most of the right hemisphere was thinned using a dental drill. A cover glass and an aluminum head-post were attached to the skull using transparent dental cement (Super Bond, C&S; Sun Medical Company, Moriyama, Japan). We used a dental drill to create a small craniotomy over primary motor cortex (M1) in the left hemisphere, which was identified by stereotaxic coordinates (+0.5 rostro-caudal, −1.75 medio-lateral). For virus injections, we delivered with a glass capillary (diameter of the tip: 50 µm) 1 µl of AAV9-CaMKII-ChR2-mCherry (2.48 × 10 13 Genome Copy number/mL) 700-900 µm deep inside the cortex. A volume of 0.5 µL was delivered with a glass capillary (diameter of the tip: 50 µm), with pressure at 3 atm, 4 ms of duration, and 7 Hz of frequency. The skin over the skull was then sutured; the animals were placed in a heated cage (temperature 38 • ) until they fully recovered.
Optogenetic Stimulation and Simultaneous Recording of GCaMP6f Activity
After 30 days, the Adeno-Associated Virus (AAV) injection mice were anesthetized under Zoletil (50 mg/kg) and xylazine (9 mg/kg) and then placed into the stereotaxic holder. A small (2 mm × 2 mm) craniotomy was performed over the injected area to allow for more effective laser stimulation. After placing the mouse under the wide field fluorescence microscope, we performed repeated laser (473 nm) stimulation (1-2 Hz, pulse duration 3-5 ms, pulse train duration 5 s, laser power at the focal plane 5 mW) on the left M1, which was localized by mCherry fluorescence. Spurious activation of ChR2 from the cyan LED (used for GCaMP6f fluorescence excitation) was avoided by blocking half of the illumination path with a shutter that was positioned after the collimator. All of the experiments were performed under deep anesthesia conditions that were characterized by spontaneous cortical activity oscillation <0.5 Hz. As we revealed spontaneous activity with a higher frequency of oscillation, we supplied a further dose of anesthetic and waited until the frequency of oscillation was restored to infraslow level. Both resting state and laser stimulation measurements consist of 40 s registration of cortical activity on deeply anesthetized Thy1-GCaMP6f mice. We applied three stimulation trains for each registration. For each animal, we concatenated four to six 40 s registration after removal of the frames in which the laser was visible.
Wide-Filed Fluorescence Microscope
The custom-made wide-field fluorescence imaging setup was equipped with two excitation sources for the simultaneous imaging of GCaMP6f fluorescence and light-stimulation of ChR2. For the imaging of GCaMP6f fluorescence, a 505 nm LED (M505L3 Thorlabs, New Jersey, NJ, USA) light passed through a band pass filter (482/18 Semrock, Rochester, New York, NY, USA) was deflected by a dichroic filter (DC FF 495-DI02 Semrock, Rochester, New York, NY, USA) on the objective (2.5× EC Plan Neofluar, NA 0.085, Carl Zeiss Microscopy, Oberkochen, Germany). A three-dimensional (3D) motorized platform (M-229 for xy plane, M-126 for z-axis movement; Physik Instrumente, Karlsruhe, Germany) allowed for sample displacement. The fluorescence signal was selected by a band pass filter (525/50 Semrock, Rochester, New York, NY, USA) and then collected on the sensor of a high-speed complementary metal-oxide semiconductor (CMOS) camera (Orca Flash 4.0 Hamamatsu Photonics, NJ, USA). To perform optogenetic stimulation of ChR2, a 473 nm continuous wavelength (CW) laser (OBIS 473 nm LX 75mW, Coherent, Santa Clara, CA, USA) was overlaid on the imaging path using a second dichroic beam splitter (FF484-Fdi01-25 × 36, Semrock, Rochester, New York, NY, USA). The system has a random-access scanning head with two orthogonally-mounted acousto-optical deflectors (DTSXY400, AA Opto-Electronic, Orsay France). A 20X objective (LD Plan Neofluar, 20×/0.4 M27, Carl Zeiss Microscopy, Oberkochen, Germany) was used to demagnify the image onto a 100 × 100 pixel 2 area of the sCMOS camera sensor (OrcaFLASH 4.0, Hamamatsu Photonics, NJ, USA). The demagnification, maximizing the acquisition speed, also allows for performing experiments that need a higher acquisition rate, such as voltage sensitive dyes imaging, on the same system. Images (100 × 100 pixels, pixel size 52 µm) were acquired at 25 Hz. Even though our system is capable of performing fluorescence imaging over a large area also in combination with faster neuronal indicator, such as voltage sensitive dyes, cheaper strategies could be applied for calcium imaging. Indeed, an alternative solution to image high sensitive (but slow) calcium indicator, like GCaMP6, could be to use a less expensive camera. At the same time, for ChR2 stimulation, the use of cheaper deflection system, like galvanometric mirror instead of AOD system, could be as well applied if few stimulation sites are needed.
Calcium Imaging
Cortical activity was collected during resting state and optogenetic stimulation of deeply anaesthetized transgenic mice expressing GCaMP6f indicator in excitatory neurons. The fluorescence signal was normalized by extracting the ∆F/F, according to the following formula:
where ∆[Ca 2+ ] stands for variation of calcium concentration, F 0 is the average of baseline fluorescence intensity, and F t is the fluorescence issued at a given time. The fluorescence time-traces resulted from the average of the fluorescence signal of all the pixels inside the regions of interest (ROIs) for all the frame of the recording.
Seed Pixel Correlation Map
Correlation maps for seed pixels located in right M1, secondary motor cortex (M2), primary sensory cortex (S1), and retrosplenial cortex (RS) were generated with mesoscale brain explorer (MBE) software [21] on the processed ∆F/F image stack mediated over the concatenated trains and over mice. A single pixel, within a specific functional area of the mouse cortex is selected as the seed. Pearson correlation (zero lag) is then used to generate a map showing the extent to which brain activity over time at each pixel correlates with that of the seed [22, 23] .
Correlation Matrix
The correlation matrices were realized using data from concatenated stimulation train averaged for three mice and then analyzed by MBE software [21] . We calculated the correlation index (r) of cortical activity (∆F/F) between the selected functional regions (see seed pixel analysis) in the right hemisphere. Correlation matrices are generated from the activity of particular brain regions of interest (0.52 × 0.52 mm) within the functional areas of the cortex, according to stereotaxic coordinates, during the resting state and laser stimulation. Each ROI-ROI pair consists of two sets of brain activity with a single correlation value for each pair. Pearson correlation coefficients were computed for each ROI-ROI pair to generate a connectivity matrix that can be used to infer interareal connectivity relationships [23] [24] [25] [26] . This coefficient is calculated with zero lag, without analysing any time delay. The correlation index depicts how the activity in one area correlates with other areas in the matrix, and accounts for both (i) the synchronicity of fluctuations in fluorescence intensity and (ii) time delays with which the same peaks occur in two different areas.
Results
We took advantage of a custom-made wide field microscope (Figure 1a) for an optogenetic study of intra-hemispheric connectivity on deeply anesthetized Thy1-GCaMP6f mice. A double illumination path characterizes this setup. The primary path used a 505 nm LED to excite the GCaMP6f indicator over a large field of view. In the second path a 473 nm blue laser scanned by AODs is focused on the M1 of the left hemisphere expressing the light-gated cation channel ChR2 (Figure 1b) .
Furthermore, we implemented the microscope with a shutter to partially occlude the LED excitation light in order to illuminate the right hemisphere only, keeping the left one in the dark. This technical advancement allowed for the simultaneous recording of cortical dynamics through GCaMP6f fluorescent signal and laser stimulation of ChR2-expressing neurons in the left M1, avoiding the cross-talk excitation of ChR2 with the LED (Figure 1c) . By analyzing the recorded signal in both hemispheres (Figure 1d ,e), we tested the capability of the shutter to block the LED light. We measured the ∆F/F on two ROIs of the same dimensions (1 × 1 mm 2 ) that were placed in the middle of the left and right hemisphere during resting state condition. The signal on the left ROI (obscured side) was very low compared to the ∆F/F measured on the other hemisphere. The signal oscillation revealed in the obscured side, due partially to the light scattering from the adjacent region, resulted in being small (10%) when compared to the signal that was revealed in the other side, proving that the shutter is able to block at least 90% of the excitation. We first tested if the system was able to probe the effective connectivity between the left M1 and the functional areas on the right hemisphere by stimulating the transcallosal pathway. Towards this aim, we injected the M1 of the left hemisphere with AAV9-CaMKII-ChR2-mCherry to induce the expression of ChR2 in excitatory neurons of 3 Thy1-GCaMP6f mice (Figure 1f) . After the surgery we waited four weeks to be sure that the transfection was sufficient to evoke a strong cortical activation (Figure 1g) . For the optogenetic investigation we set the laser power at 14 mW with 5 ms duration pulse at the frequency of 1 or 2 Hz. Laser stimulation of left M1 elicited the neuronal activation in the right hemisphere, evident as a delayed (<80 ms from light stimulus) increment of fluorescent signal. The fluorescence on the right side was reproducibly evoked by laser irradiation (Figure 2 ). For every pulse, the contralateral side was activated for a few hundredths of milliseconds. The fluorescence levels (measured as ∆F/F) never returned to baseline along the entire stimulus train. The calcium transients reached baseline activity levels when the train was terminated, at the end of each train for all of the stimulations on the three mice. During the inter-stimulus lag, spontaneous activity was always reinstated (Figure 2a) . By analyzing the ∆F/F of the cortical registrations, we observed a localized activation of the right hemisphere impinging at first the homotopic region of the cortex (i.e., the M1) and later spreading to other cortical areas that are functionally associated to it. The pattern of activation was reproducible across stimuli, as shown in Figure 2b . To further explore the spatio-temporal patterns of activation within the right hemisphere elicited by the inter-hemispheric optogenetic stimulation, we analyzed the correlation maps for seed pixels that were located in the right M1, M2, S1, RS during the stimulation.
We positioned a 0.52 mm × 0.52 mm square ROIs on selected functional areas and then we located the seed inside the ROI. We evaluated the correlation between functional areas of the right hemisphere of three deeply anaesthetized Thy1-GCaMP6f mice, both during the resting state and laser stimulation (Figure 3) .
We observed in resting state an overall correlated activity regarding the entire hemisphere (see for example Figure 3 first row) . By comparing the seed pixel correlation maps that were obtained during optogenetic stimulation, we observed for each seed located in the same ROI cortical patterns of activation specific for the seed location and coherent between animals. More in detail, even though the absolute value of correlation for each seed might change between animals the correlation pattern with the surrounding areas is preserved. Seeds on motor-associated regions (M1 and M2) showed the correlated activity of the sensory areas (S1). Similarly, activation profiles for S1 seed mainly involved motor-associated regions. On the other hand, RS seed maps recruited more-caudal portions of the cortex. This correlation analysis showed that optogenetic stimulation of the contralateral M1 reproducibly triggered the co-activation of functionally related areas in the right cortex.
In order to quantify the correlation between the visualized functional regions of the cortex, we generated correlation matrices. The connectivity values were mediated over the concatenated trains and over mice (see also Seed pixel correlation maps of activation during optogenetic stimulation. The panel shows averaged correlation maps for 3 animals, one for each row, during resting state (first row) and optogenetic stimulation. The first and second rows correspond to seed correlation maps of the same mouse during resting state and laser stimulation respectively. In the first column a raw image with the ROIs used for the correlation matrix analysis; the seed is within the ROI. We selected four cortical areas of interest (M1, M2, S1, RS, such as for primary motor cortex, secondary motor cortex, primary sensory cortex and retrosplenial area respectively). The white spot indicates bregma. A, P: Anterior, Posterior. Scale bar: 1 mm. We compared two conditions in deeply anaesthetized mice, i.e., resting state ( Figure 4 , left panel) and during optogenetic stimulation (Figure 4, right panel) . In the absence of laser stimulation, the functional areas analyzed showed a high degree of correlation for all regions, and particularly between the motor-sensory areas. During optogenetic stimulation, the overall strength of the connectivity between the analyzed areas was reduced. Indeed, the connectivity values were more differentiated when compared to resting state. Even if reduced in absolute value, the highest correlations were between the two motor areas (M1 and M2) and between motor and sensory (S1) areas. On the contrary, RS area was the least correlated to the other regions analyzed, specifically during optogenetic stimulation.
Discussion
The system developed in this study, taking advantage of a double illumination path and of a split illumination, represents a formidable, yet simple, tool to investigate neuronal activity that is elicited by optogenetic stimulation at a mesoscale level, overcoming the limitations due to the overlap of GCaMP6f and ChR2 excitation spectra.
A previous study from Szabo and collaborators [27] , avoids the crosstalk between GCaMP indicator and the light gated ChR2, by finely dosing the laser power in a fiber bundle system for a near cellular-resolution optogenetic stimulation coupled to a multimodal imaging device. However, the confined field of view of this approach does not allow mesoscale investigations. On the other hand, previous wide-field studies combining ChR2 actuator with red-shifted voltage-sensitive indicators, even though not affected by spectral overlap, presented some disadvantages, such as the cellular phototoxicity and photobleaching [28] [29] [30] [31] . In addition, voltage-sensitive dyes (VSDs) do not provide cellular specificity and are not applicable for long-term studies. Here, we took advantage of two of the most sensitive actuators and indicators, ChR2 and GCaMP6f, to perform interhemispheric wide-field imaging and stimulation. The spatial separation of the stimulation site and imaging area allowed for recording the cortical activity triggered by optogenetic stimulation over a large field of view, by using a simple wide-field system with small adaptations. In detail, a double illumination path for optogenetics and imaging, and a split field of view, were sufficient in investigating the interhemispheric connectivity between homotopic regions of the cortex. This system could be also suitable for longitudinal studies. This approach is well suited for longitudinal investigation on the effective connectivity between distant areas of the brain, up to the entire cortical surface.
Indeed, by stimulating target region of one hemisphere and simultaneously revealing the triggered neuronal activation on the opposite hemisphere, this custom-made fluorescence microscope allowed for performing interhemispheric studies of functional connectivity. In detail, by dissecting the pattern of activation crossing the corpus callosum it dissected spatial and temporal features of interhemispheric propagation of neuronal signal. In addition, this system allows for visualizing the intra-hemispheric functional connectivity within one hemisphere after optogenetic stimulation of the contralateral side.
A great advantage of using this poorly invasive approach includes the ability to monitor neuronal activity over a large area in vivo allowing resting state and evoked measurements. Here, we focused on the functional connectivity of targeted functional regions of the cortex (M1, M2, S1, and RS areas).
By observing the spontaneous activity of awake mice in both hemispheres, a recent study by Vanni et al. [32] showed a functional clustering within the low frequency band (0.1-1 Hz), similar to what we observed with our broad-band seed pixel analysis in anesthetized resting state (see Figure 3 , first row).
Here, the stimulation of left ChR2-expressing M1 brings to the focal activation of the homotopic area in the right hemisphere reproducibly between stimulation sessions and among animals, as previously confirmed in other studies [33] . Transcallosal connectivity between the homologous region is the likely driver of this interhemispheric activation. This hypothesis is in agreement with a previous study by Mohajerani and colleagues [34] , showing, in resting state, that the corpus callosum is involved in synchronizing bilateral activity between homotopic region.
To our knowledge, the present study shows for the first time the difference in functional correlation patterns within one hemisphere between resting state and following contralateral M1 stimulation. Our preliminary results on the seed pixel correlation analysis suggest that the global functional connectivity is increased in resting state conditions. On the other hand, the contralaterally-evoked connectivity is more clustered and it presents higher connectivity strength between the motor-associated regions (see Figure 4) .
Moreover, the cortical propagation that was observed for the selected ROIs resembles the spatial correlation of axonal projections, as observed in previous studies [23, 35] . These results confirm that axonal projection structures, as observed in the Allen Mouse Brain Connectivity Atlas (AMBCA, http://connectivity.brain-map.org/ [36] ), were related to cortical function. 
